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ALTTTUDE PERFORMANCE INVESTIGATION OF TWO SINGLE-ANNULAR TYPE 


COMBUSTORS AND THE PROTOTYPE J40-WE-8 TURBOJET ENGINE COMBUSTOR 
WITH VARIOUS COMBUSTOR INLET-ATR PRESSURE PROFILES 


By Adam E. Sobolewski, Robert R. Miller, and John E. McAulay 


SUMMARY 


Data were obtained for three single-annular type combustors with 
different combustor inlet-air pressure profiles over a range of engine 
speeds at an altitude of 30,000 feet and a Plight Mach number of 0.62. 
The combustors with a lower percentage of total hole area at the inner 
wall had a higher combustor-outlet temperature profile near the inner 
wall than the combustor with equal hole-area distributions; the con- 
verse was true near the outer wall. As the combustor inlet-air 
pressure profile was lowered (corresponding to a reduction in air 
flow) at the inner portion of the passage height, the combustor- 
outlet temperature profile near the inner wall was raised. Similar 
trends were encountered near the outer wall. Combustor pressure-loss 
coefficient was not affected by hole-area distribution but was affected 
by total hole area and inlet-air pressure profile. For combustors with 
total hole areas of 877 and 809 square inches, the pressure-loss 
coefficients were 10.8 and 12.4, respectively, at a combustor density 
ratio of 2.2. For changes in inlet-air pressure profile, the pressure- 
loss coefficient varied from 10.8 to 15.8, at a density ratio of 2.2. 
There was no discernible effect of the aforementioned variables on 
combustion efficiency. 


Combustor performance data were also obtained with the compressor- 
combustor configuration of the turbojet engine designated the proto- 
type J40-WE-8. These data were obtained over s range of altitudes from 
15,000 to 55,000 feet and flight Mach numbers from 0.17 to 0.99. For 
the prototype J40-WE-8 turbojet-engine combustor, combustion efficiency 
at a corrected engine speed of 7600 rpm decreased from 0.98 at an 
altitude of 15,000 feet to 0.85 at an altitude of 55,000 feet at 8 
flight Mach number of 0.62 and open exhaust-nozzle area (area of 
534 sq in.). 
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A good correlation was obtained when combustion efficiency was 
presented as a function of a combustion parameter and engine fuel-air 
ratio. These data indicated that at values of combustion parameter 
below 34,000 pounds-9?R-second per cubic foot there was a fuel-air 
ratio that resulted, in an optimum combustion efficiency for & given 
value of combustion parameter. 


INTRODUCTION 


An investigation of the performance of the XJ40-WE-6 turbojet 
engine in the NACA Lewis altitude wind tunnel disclosed that the 
engine operated with compressor surge and a combustor-outlet tempera- 
ture inversion within the desired operating speed range. As s result 
of changes made in the setting of the blades in the compressor and a 
study of the configuration of the combustor, conducted in cooperation 
with the engine manufacturer, the compressor surge was displaced out 
of the operating speed range and the combustor-outlet temperature 
inversion was corrected. These results are reported in references L 
and Z. 


In correcting the combustor-outlet temperature inversion, three 
Single-annular-type combustors having slightly different air-passage 
geometry were evaluated on the engine. Correcting the compressor 
Surge by making changes to the blade settings resulted in different 
inlet-air pressure profiles at the inlet to the combustors and made 
possible a determination of the effect of inlet-air pressure profile 
on combustor performance. This investigation was conducted over a 
range of engine speeds, at an altitude of 50,000 feet, and a flight 
Mach number of 0.65. 


The XJ40-WE-6 engine having the improved compressor and combustion- 
chamber configuration was designated the prototype J40-WE-8 turbojet 
engine without an afterburner. Combustor performance data on the 
prototype J40-WE-8 engine were obtained over a range of altitudes from 
15,000 to 55,000 feet, flight Mach numbers from 0.17 to 0.99, and 
over a range of engine speeds at five fixed exhaust-nozzle areas. 

These combustor data constituted the first evaluation in an altitude 
facility of the performance of a single-annular combustor with 
spring-loaded variable-area fuel nozzles operating as an integral 
component of a turbojet engine. 


Combustor data are presented herein to show the correlation of 
combustion efficiency with engine fuel-air ratio and & combustion 
parameter expressed in terms of inlet variables P,T,/Vy. (A11 


symbols used in this report are given in appendix A.) 
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The performance of the prototype J40-WE-8 turbojet-engine combustor 
and three other different types of combustors are compared herein by 
data which shows the variation of combustion efficiency with fuel-air 
ratio and combustion parameter P4TA/Vy for the different combustors. 


APPARATUS 


Engine 


The turbojet engine used &t the start of this investigstion was 
designated the XJ40-WE-6. Subsequent compressor and combustor configu- 
rations resulted in the prototype J40-WE-8 turbojet engine without 
afterburner (fig. 1). A manufacturer's rating for the prototype 
J40-WE-8 turbojet engine is not available at the present time; 
however, its rating would be similar to the rating of the XJ40-WE-6 
turbojet engine, which had a static sea~level thrust of 7500 pounds 
at an engine speed of 7260 rpm and a turbine-inlet temperature of 
14259 F (18859 R). At this operating condition the air flow was 
approximately 142 pounds per second, and the combustor-inlet total 
pressure, total temperature, and velocity (based on the maximum 
cross-sectional area of the combustor, 6.40 sq ft) were 10,600 pounds 
per square foot absolute, 870° R, and 101 feet per second, respectively. 
The principal components of the engine were an eleven-stage axial-flow 
compressor, single-annular combustor, two-stage turbine, diffuser, and 
variable-area exhaust nozzle. 


A number of different compressor configurations were obtained in 
the compressor development program, and data were selected for pre- 
sentation herein from three configurations. These configurations, 
which were designated compressors 1 to 5, were chosen because they 
provided a wide range of combustor inlet-air pressure profiles. 


Combustors 


Combustion data were obtained with three combustors (supplied by 
the manufacturer) which were of the single~annular type, differing 
only in the perforations in the inner and outer walls of the combustor 
basket and in some mechanical strengthening features. These com- 
bustors had a maximum cross-sectional area of 6.40 square feet. The 
combustors, designated A, B, and C, are shown in figures 2, 3, and 4, 
respectively. A cross section of the combustors and a developed 
sketch of an element of surface from the combustor baskets for each 
of the three combustors are shown in figure 5. The variation of 
total hole area with combustor length for the three combustors is 
presented in figure 6. The total hole area includes the area of the 
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openings shown in figure 5 and the various circumferential openings 
located at the inner and outer walls of the combustor. As shown in 
figure 6, the total hole area for combustors A and C was 796 and 

877 square inches, respectively; however, approximately the same 
percentage of hole area was provided at the inner and outer walls of 
the combustor basket. The distribution of total hole area was 

46.5 percent at the inner wall and 53.5 percent at the outer wall. 
Combustor B, which had a total hole area approximately the same as 
combustor A, had equal area distribution at the inner and outer walls 
of the combustor basket. 


The splitter (fig. 5) divided the air flow entering the combustor 
into two annular passages formed by the combustor basket and the 
inner and outer walls of the combustor. Engine fuel was admitted 
and sprayed downstream in the combustor through 16 spring-loaded 
varliable-area nozzles located at the upstream end of the combustor. 
Through the combined action of an engine-fuel distributor, equalizing 
valves, and spring-loaded variable-area nozzles, the fuel flow through 
each of the 16 nozzles was maintained equal at all fuel flows. 


INSTALLATION AND INSTRUMENTATION 


The engine was mounted on & wing section that spanned the 
20-foot-diameter test section of the altitude wind tunnel (fig. 1). 
Dry refrigerated air was supplied to the engine from the tunnel 
make-up air system through a duct connected to the engine inlet. 
Ihrottle valves were installed in the duct to permit regulation of 
the pressure at the inlet of the engine. Instrumentation for 
measuring pressures and temperatures was installed at various stations 
in the engine (figs. 7 and 8). Ten sonic probe thermocouples, which 
could be traversed radially, were used at the combustor-outlet 
station (fig. 8(c)) to obtain temperature profiles. 


PROCEDURE 


Dry refrigerated air was supplied to the engine at the standard 
temperature for each flight condition with the exception that the 
minimum temperature obtained was about -20° F (4409 R). ‘The air, at 
approximately sea-level pressure at the entrance of the make-up 
air system, was throttled to a total pressure at the engine inlet 
corresponding to the desired flight condition, with complete 
free-stream ram pressure recovery assumed. 


Combustor performance data, showing the effect of different 
combustor inlet-air pressure profiles and combustor hole-area 
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distribution on combustor performance, were obtained at an altitude of 
30,000 feet, a Plight Mach number of 0.62, and over a range of engine 
speeds. 


The combustor of the prototype J40-WE-8 turbojet engine, which 
consisted of compressor 1 and combustor A, was investigated over 4 
range of altitudes from 15,000 to 55,000 feet, Plight Mach numbers 
from 0.17 to 0.99, at several constant exhaust-nozzle areas, and over 
a range of engine speeds. 


Complete radial surveys of the combustor-outlet temperature using 
the sonic probe thermocouples were obtained at rated speed only. The 
engine fuel used was MIL-F-5624 at a temperature of about 80° F. This 
fuel had a lower heating value of 18,700 Btu per pound and a hydrogen 
to carbon ratio of 0.171. The methods of calculation are presented 
in appendix B. 


RESULTS AND DISCUSSION 
Effect of Changing Combustor Inlet-Air Pressure Profile 
and Hole Geometry on Combustor Performance 


The effects on combustor performance of inlet-alr pressure pro- 
files and combustor hole-area distribution are discussed in terms of 
(1) temperature profile at the combustor outlet, (2) pressure-loss 
characteristics, and (3) combustion efficiency. 


Combustor-outlet temperature profiles. - The effect of different 


combustor configurations on combustor-outlet temperature profiles 

for operating conditions at high and low engine speeds is shown in 
figures 9 and 10. As mentioned previously, radial temperature surveys 
at the conbustor outlet (station o, fig. 8(c)) were obtained only at 
rated spped. It has been shown, however, that turbine-outlet tem- 
perature profiles (station 6, fig. 8(d)) are indicative of turbine- 
inlet or combustor-outlet temperature profiles; therefore, turbine- 
outlet temperature profiles are presented at reduced engine speeds 
(fig. 9(d) and 10(d)). In the comparison of the combustor configu- 
rations the combustor inlet-air pressure profiles (compressor outlet- 
air pressure profiles) are the same. Any change in combustor perform- 
ance may therefore be attributed to the difference in the combustor 
hole geometry. Combustors A and B, which are compared in figure 9, 
have about the same total hole area, but different hole~area dis- 
tribution. The percentage hole-area distribution at the inner wall 
Por combustors A and B was 46.5 and 50 percent, respectively. As 
shown in figure 9, the combustor-outlet temperature distribution was 
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affected by variations in hole-area distribution, The effect of changes 
in hole-area distribution at the inner and outer walls was to cause 8 
radial shift (due to a restriction or damming effect) in air flow in 
the region between the compressor outlet, where the combustor inlet- 

air pressure profiles were measured, and the splitter (fig. 5). The 
decrease in hole area at the inner wall for combustor A resulted in 
lower air flow and, therefore, high combustor-outlet temperatures near 
the inner wall. Conversely, combustor A had relatively lower 
combustor-outlet temperatures near the outer wall. 


The combustors compared in figure 10 differ both in hole-area 
distribution and total hole area. Combustor B had a total hole area 
of 809 square inches, 50 percent of which was located on the inner 
wall, and combustor C had a total hole area of 877 square inches, 
46.5 percent of which was located on the inner wall. This lower 
percent of total hole area and air Plow at the inner wall of com- 
bustor C resulted in higher combustor-outlet temperatures near the 
inner wall as shown in figures 10(b) and 10(d). ‘The reverse was 
again true at the outer wall. | 


Although the changes in combustor-outlet temperature profile for 
the different combustors have been explained on the basis of total 
hole-area distribution at the inner and outer walls, the effect of 
changes in the axial hole distribution (figs. 5 and 6) is also an 
influencing factor. It was not possible, however, from the data 
available to account for the effect of changes in the axial hole 
distribution. | | 


The effect of combustor inlet-air pressure profile on combustor- 
outlet temperature profile is shown in figure ll. The splitter located 
at the upstream end of the combustor (fig. 5) tends to direct the air 
flow in the inner 55 percent of the passage height towards the inner 
wall of the combustor and the remaining portion of the air flow 
towards the outer wall. As shown in figures ll(a) and 11(c) the 
shift in total-pressure distribution with change in compressor 
configuration resulted in a greater percentage of the total air 
flow for compressor 2 relative to compressor 3 to be directed towards 
the inner wall of the combustor. This effect resulted in lower 
combustor-outlet temperatures at the inner portion of the passage 
height and higher temperatures at the outer portion of the passage 
height for compressor 2 (figs. 11(b) and 11(d)). ‘Thus, for the 
series of combustors investigated the combustor-outlet temperature 
profile was shown to be influenced by the combustor inlet-air pressure 
profile as well as by the changes in combustor hole-area distribution 
discussed previously. 
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Pressure-loss characteristics. - The effect of combustor configura- 
tions and combustor inlet-air pressure profiles on combustor pressure- 
loss coefficient (P4 - Ps)/a, 1s presented in figure 12. Although 


there is considerable scatter in the data, particularly &t low total 
density ratios, curves were faired through the points with the aid of 
trends established from data for other configurations and from wind- 
milling engine tests. Combustors A and B, compared in figure 12(a), 
have about the same total hole area but differ in hole-&rea distri- 
bution. As shown, in figure 12(a) there was no apparent difference in 
pressure loss between the two combustors.  Combustors B and C, having 
different hole areas and hole distributions, are compared in fig- 

ure 12(b). The pressure loss is greater for combustor B which had the 
smaller total hole area. At a constant value of combustor density 
ratio of 2.2, the pressure-loss coefficient was 10.8 and 12.4 for 
combustors C and B, respectively. The data show, therefore, that 

over the range of hole geometry investigated the pressure loss was 
independent of hole area distribution (fig. 12(a)) and dependent on 
the total hole area (fig. 12(b)). 


The effect of combustor inlet-air pressure profile on combustor 
total-pressure-loss coefficient of combustor C is shown in 
figure 12(c). The pressure loss for the air-pressure profile of 
compressor 2 was greater than that obtained with compressor 5. At 
a density ratio of 2.2, the pressure-loss coefficient was 10.8 and 
15.8 for air-pressure profiles of compressors 3 and 2, respectively. 
Since the temperature profiles shown in figures 11(b) and 11(d) 
indicate that compressor 2 directs a greater proportion of the air 
Plow toward the combustor inner wall than compressor 5, and also that 
the combustor inner wall had a lower percentage of the total hole 
area than the outer wall, the pressure-loss coefficient would tend 
to be greater for the air-pressure profile of compressor 2. Thus, 
it is apparent that the pressure-loss coefficient is sensitive to 
combustor inlet-air pressure profile; however, it is not possible to 
determine precisely whether the increase in pressure-loss coefficient 
associated with compressor 2 was due entirely to the increase in 
losses in mixing and turbulence in the combustor basket or in 
diffusion loss from the combustor inlet (compressor outlet) to the 
combustor. 


Combustion efficiency. - The effect of combustor configurations 
and combustor inlet-air pressure profiles on combustion efficiency is 
Shown in figure 15. In order to enable a direct comparison of the 
different combustors and inlet-air pressure profiles irrespective 
of differences in inlet pressure, temperatures, or velocities, the 
combustion correlation parameter PzT,/V, was used. This combustion 


parameter is derived in reference S, As will be shown later, there 
was an additional effect of fuel-air ratio on combustion efficiency. 
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Inasmuch as the various configurations were investigated at the same 
flight conditions, and over the same range of engine speeds and 
exhaust-nozzle areas, the fuel-air ratios for each of the configura- 
tions were essentially the same for any given value of combustion 
parameter shown in figure 13. The data show that for the con- 
Pigurations and pressure profiles studied there was no effect of these 
variables on combustion efficiency. Combustion efficiency remained 
approximately constant at 0.98 for values of combustion parameter 
greater than 34,000 pounds-°R-second per cubic foot, and decreased 
for values of combustion parameter below 34,000 pounds-°R-second per 
cubic foot to 0.60 at a combustion parameter of 8400 pounds-°R-second 


per cubic foot. 


Performance of the Prototype J40-WE-8 Turbojet-Engine Combustor 


The results presented in the previous discussion were obtained 
during the early phase of the investigation which consisted of a com- 
pressor development and combustor evaluation program of the XJ40-WE-6 
turbojet engine. From this part of the investigation, as mentioned 
previously, a configuration comprised of compressor 1 and combustor A 
was selected for the prototype J40-WE-8 turbojet engine. This con- 
figuration was chosen because of improved compressor surge character- 
istics, elimination of combustor-outlet temperature inversion (refer- 
ences 1 and 2), and satisfactory mechanical reliability of the com- 
bustor. A performance evaluation of this configuration was obtained 
over a wide range of flight and engine operating conditions and is 
presented in the following section. Most of the performance data are 
presented at an exhaust-nozzle area of 534 square inches (open nozzle). 
The trends of the data for all the exhaust-nozzle areas were similar, 
but the effects on the combustor performance were somewhat greater 
with the open exhaust-nozzle area. Data for all exhaust-nozzle areas 
are presented in table I. 


Combustion efficiency. - The effects of corrected engine speed, 
altitude, Plight Mach number, and exhaust-nozzle area on combustion 
efficiency are shown in figure 14. Although flight condition, engine 
speed, and exhaust-nozzle area are not basic combustor variables, the 
data in figure 14 are shown in order to illustrate the variation in 
performance of the combustor in an engine. The variations in com- 
bustion efficiency for a given combustor configuration are primarily 
due to changes in combustor-inlet pressure, temperature, velocity, 
and fuel-air ratio as will be discussed later. At a flight Mach 
number of 0.62 and exhaust-nozzle area of 534 square inches, combustion 
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efficiency decreased from 0.98 at 15,000 feet to 0.85 at 55,000 feet, 
at a corrected engine speed of 7600 rpm (fig. 14(a)). The effect of 
altitude on combustion efficiency becomes even more pronounced at the 
lower engine speeds. Although the variables, flight Mach number and 
exhaust nozzle area, also affect combustion efficiency, the effects 
are less pronounced than the altitude effect as shown in fig- 

ures 14(b) and 14(c), respectively. At a corrected engine speed of 
7600 rpm and at an altitude of 35,000 feet, (fig. 14(b)) & change in 
Plight Mach number from 0.17 to 0.99, increased combustion efficiency 
from about 0.955 to 0.995. In figure 14(c), which shows the effect 
of exhaust-nozzle area on combustion efficiency at 35,000 feet and 
Plight Mach number of 0.62, combustion efficiency increased from 
about 0.97 to 0.98 as the exhaust-nozzle area was reduced from 534 
to 420 square inches at a corrected engine speed of 7600 rpm. 


Combustor pressure-loss characteristics. - Combustor pressure- 
loss characteristics are presented in terms of engine parameters in 


figure 15 and of combustor parameters in figure 16. In both figures 
the pressure-loss characteristics include the pressure loss due to 

(1) the diffusion process from the combustor inlet (compressor outlet) 
to the combustor basket, (2) mixing and turbulence in the combustor 
basket, and (3) momentum pressure loss associated with the burning 
process. For all flight conditions and exhaust-nozzle areas, the 
combustor total-pressure-loss ratio (P4 - P=) /P4 decreased with 


increasing corrected engine speed above a corrected engine speed of 
about 6000 rpm (fig. 15). For example, at an altitude of 35,000 feet, 
flight Mach number of 0.62, and exhaust-nozzle area of 534 square 
inches, the combustor total-pressure-loss ratio decreased from 0.040 
to 0.031 as corrected engine speed increased from 6000 to 7400 rpm 
(fig. 15). This reduction in pressure-loss ratio with increasing 
corrected engine speed may be attributed to a more favorable combustor 
inlet-air pressure profile resulting in & more efficient diffusion 
process. At a constant value of corrected engine speed, decreasing 
altitude (fig. 15(a)) or increasing flight Mach number (fig. 15(b)) 
or exhaust-nozzle area (fig. 15(c)), in general, resulted in an 
increasing pressure-loss ratio. For instance, at a corrected engine 
speed of 7000 rpm, altitude of 35,000 feet, and flight Mach number 

of 0.62, increasing exhaust-nozzle area from 367 to 534 square inches 
resulted in an increase of total-pressure-loss ratio from 0.024 to 
0.036 (fig. 15(c)). 


The combustor pressure-loss characteristics are presented in 
terms of fundamental combustor parameters in figure 16. The combustor 
total-pressure-loss coefficient increased as the combustor total-density 
ratio was increased from 1.0 to 1.9, reaching a maximum value of 9.2 at 
a density ratio of 1.9. For values of density ratios above 1.9, the 
pressure-loss coefficient tends to decrease. From theoretical consider- 
ations (reference4 ), the pressure-loss coefficient should vary lineariy 
with density ratio. Possible factors in the disagreement are that the 
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efficiency of the diffusion process, as well as the mixing and turbulent 
losses in the combustion, varied as the density ratio was changed. 


Correlation of Combustion Efficiency with Engine Fuel-Air 
Ratio and Combustion Parameter 


Because the process of combustion is complex and depends on many 
factors it is difficult, if not impossible, to determine a combustion 
parameter which correlates combustion efficlency for all flight and 
engine operating conditions. However, some of the primary variables 
affecting combustion efficiency are considered in the combustion 
parameter P,4T,/Vy derived in reference 3. In order to obtain a 


satisfactory correlation of combustion efficiency with combustion 
parameter P4T4/Vy, an additional parameter, engine fuel-air ratio, 


was introduced. Combustion efficiency is presented in figure 17 as a 
function of these two combustion parameters for two of the compressor- 
combustor configurations investigated. The data of figure 17(a) were 
optained at altitudes from 15,000 to 55,000 feet and flight Mach 
numbers from 0.17 to 0.99. The data of figure 17(b) represent a 
range of altitudes from 15,000 to 45,000 feet and flight Mach numbers 
from 0.17 to 0.62. Although scatter is present, particularly at low 
values of P4T4/Vp, the curves for several narrow ranges of fuel-air 
ratio provide a reasonably good correlation of the data. In general, 
the data in figures 17(a) and 17(b) exhibit about the same magnitudes 
and trends. In figures 17(a) and 17(b), combustor efficiency begins 
to decline for values of P,T,4/V, below 34,000 pounds-°R-second per 


cubic foot. Below this value of P,T,/Vp, combustion efficiency was 
sensitive to fuel-air ratio, and above this value, fuel-air ratio had 
a negligible effect. i | sow y | | i 


The data of figure 17 are presented in figure 18 with fuel-air 
ratio as the abscissa in order to show more clearly the effect of 
Puel-sir ratio on combustion efficiency. Because sufficient data 
were not available to completely separate the variables, P4T,/V;, 


amd fuel-air ratio, each of the curves presented in figure 18 is for 
a small range of P,4T4/Vy. These data indicate that over these small 


ranges of P4T,/V, there was an optimum value of fuel-air ratio 


for maximum combustion efficiency. Tor example, for ἃ range of 
PATA/Vy, of 6500 to 7500 pounds-°R-second per cubic foot, combustion 


efficiency varied from 0.50 to 0.67 as fuel-air ratio was increased 
from 0.0066 to 0.0112, and a further increase in fuel-air ratio from 
0.0112 to 0.0156 decreased combustion efficiency from 0.675 to 0.55. 
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Combustion efficiency probably varied with fuel-air ratio at a 
constant value of combustion parameter because of local rich and lean 
fuel-air ratio regions in the primary zone of the combustor. These 
regions may also be influenced by the degree of fuel atomization. At 
the high values of fuel-air ratio, some of the local regions in the 
primary zone are probably excessively rich in fuel, and combustion was 
incomplete because of a lack of oxygen; whereas, at the lower values 
of fuel-air ratio, some of the local regions were too lean for efficient 
combustion. 


Comparison of Several Combustors from Different Turbojet Engines 


Performance of four different current combustors is compared in 
figure 19. Combustion efficiency is shown &s & function of combustion 
parameter P,T,/W, at three different levels of fuel-air ratio. 


Combustor A was the combustor used in the prototype J40-WE-8 turbojet 
engine. Data for combustor M were not available below & combustion 
parameter of 20,000 pounds-°R-second per cubic foot. 


Combustion efficiency of all combustors shown was affected some- 
what by fuel-alr ratio, probably because of the rich and lean combustion 
regions previously discussed. This effect of fuel-air ratio was 
greatest at low values of combustion parameter PATA/Vy. 


For the range of combustor operating conditions investigated, the 
performance of combustors A, M, and N was approximately the same. These 
combustors have fuel systems that provide good fuel atomization and 
distribution over a wide range of fuel flows. Combustor P had a lower 
combustion efficiency than combustors A, M, and N, especially at low 
values of combustion parameter and fuel-air ratio. The low combustion 
efficiencies experienced with combustor P are felt to be primarily 
a result of the fixed-area fuel nozzles which provide poor spray and 
penetration characteristics at low fuel flows. Of course, combustion 
efficiency is primarily a function of matching the fuel and air properly 
and not of fuel injection alone; nevertheless, for the combustors pre- 
sented, combustion efficiency is concluded to be primarily dependent 
on the method of fuel injection rather than the type of combustor used. 


SUMMARY OF RESULTS 


1. The effect of combustor hole~area distribution and combustor 
inlet-air pressure profile on combustor performance was obtained over 
a range of engine speeds at an altitude of 30,000 feet and a flight 
Mach number of 0.62: 
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(a) The combustors with a lower percentage of total hole area at the 
inner wall had a higher combustor-outiet temperature profile near the 
inner wall than the combustor with equal hole-area distribution; the 
converse was true near the outer wall. As the combustor inlet-air 
pressure profile was lowered (corresponding to a reduction in air Plow) 
at the inner portion of the passage height, the combustor-outlet tem- 
perature profile near the inner wall was raised. Similar trends were 
encountered near the outer wall. 


(>) Combustor pressure-loss coefficient was not affected by hole- 
area distribution but was affected by total hole area and inlet-&sair 
pressure profile. For combustors with total hole area of 877 and 
809 square inches, the pressure-loss coefficient was 10.8 and 12.4, 
respectively, at & combustor density ratio of 2.2. For changes in 
inlet-air pressure profile, the pressure~loss coefficient varied from 
10.8 to 15.8 at a density ratio of 2.2. There was no discernible effect 
of these variables on combustion efficiency. 


Z. With compressor l and combustor A, which was the configuration 
designated the prototype J40-WE-8, data were obtained over a range of 
altitudes from 15,000 to 55,000 feet and flight Mach numbers from 
0.17 to 0.99. 


(a) These data showed that, in general, a change in corrected 
engine speed, altitude, flight Mach number or exhaust-nozzle area in 
order to increase the combustor-inlet pressure resulted in an increase 
in combustion efficiency except at high pressure levels where combustion 
efficiency was constant. For example, at a flight Mach mumber of 0.62 
and an open exhaust nozzle (area, 534 sq in.) the combustion efficiency 
decreased from 0.98 to 0.85 as altitude was increased from 15,000 to 
55,000 feet at a corrected engine speed of 7600 rpm. 


(b) For all flight conditions and exhaust-nozzle areas, combustor 
total-pressure-loss ratio decreased as the corrected engine speed 
increased above a corrected engine speed of about 6000 rpm. However, 
at & constant corrected engine speed, decreasing altitude, or increasing 
flight Mach number or exhaust-nozzle area, in general, resulted in an 
increasing total-pressure-loss ratio. At & corrected engine speed of 
7000 rpm, an altitude of 35,000 feet, and a flight Mach number of 0.62, 
an increase in the exhaust-nozzle area from 367 to 334 square inches 
resulted in an increase of combustor total-pressure-loss ratio from 
0.024 to 0.036. 


5. A good correlation was obtained when combustion efficlency was 
presented as a function of combustion parameter P,T,/V, and engine 
fuel-air ratio. These data indicated that at values of combustion 
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parameter below 34,000 pounds-°R-second per cubic foot there was a 


fuel-air ratio that resulted in an optimum combustion efficiency for a 
given value of combustion parameter. 
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APPENDIX A 
SYMBOLS 

The following symbols are used in this report: 
cross-sectional area, sq ft 
specific heat at constant pressure, Btu/(1b) (CF) 
specific heat at constant volume, Btu/(1b) (°F) 
Puel-air ratio 
acceleration due to gravity, 352.2 ft /aec2 
enthalpy 
Mach number 
engine speed, rpm 
total pressure, lb/sq ft abs 
static pressure, lb/sq ft abs 
theoretical dynamic pressure, 1b/sq ft abs 
gas constant, 55.4 ft-1lb/(1b)(9R) 
total temperature, ?R 
static temperature, OR 
velocity, ft/sec 


air flow, lb/sec 
fuel flow, lb/hr 
gas flow, lb/sec 
ratio of specific heats, cp/cy 


pressure correction factor, P/2116 (total pressure divided by 
NACA standard sea-level pressure) 
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η efficiency 

8 temperature correction factor, yT/(1.4)(519) (product of y and 
total temperature divided by product of y at standard sea- 
level temperature and standard NACA sea-level temperature) 

Q density, (1b) (sec*)/rt* 

Subscripts: 

ο free-stream conditions 

1 cowl inlet 

3 ` compressor inlet 

4 combustor inlet, compressor outlet 

S combustor outlet, turbine inlet. 

6 turbine outlet 

7 exhaust-nozzle outlet 

b burner 

° compressor 

i indicated 

+ turbine 
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APPENDIX B 
METHODS OF CALCULATION 


Air flow. - Air flow was calculated at station 1 (fig. 2) by use 
of the following equation 


Wa,1 = PIAL 


Gas flow downstream of the combustor is 


We 
g “a,l T 3600 


W. Ξ 


Combustor dynamic pressure. - In order to calculate a combustor 


dynamic pressure, based on & combustor maximum cross-sectional area of 
6.40 square feet, a la NUMDET was first calculated with 
the equation | 


My E Wa, 4 NTA 
+ 1 
74 0.776 A PA VTA 
2 24. - L 
2-5 1: 
l + zi My 
then 
74P4M, 
q+ == Ὁ 
and 
P4 
p == 
i 74 
- 1 
γα - 1 24 
h + -ᾱ w) 
2 
therefore 
_ 74P My 
q, YA 
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Combustor-inlet velocity. - With the use of combustor Mach number 
My, combustor-inlet velocity was determined from the following equation: 


Vp = Mpv ya gRS4 
where 
T 
4 
t4 
4 ~ 1 2 
1 + z ) 


Turbine-inlet temperature. - Turbine-inlet temperature was calcu- 
lated from the following equation, which assumes compressor and turbine 
work equal: 


W, ο 
Ts = St Bio (T4 - τι) + Ty 
5/3 “pit 


Combustion efficiency. - With the assumption that the compressor 
and turbine work are equal, combustion efficiency is defined as the 
ratio of the actual enthalpy rise of the gas while passing through 
the engine to the theoretical increase in enthalpy that would result 
from complete combustion of the fuel change. 


_ actual enthalpy rise of the gas across the engine 
nb = heat input 


T+ Ty 
3600 Wa,1 Hs + Ë He 
Ti Tp 
18,700 We 


where 18,700 Btu per pound of fuel is the lower heating value of the 
fuel. 


Combustor total-density ratio. - From the gas law the total 
density is 


E 
p τ 
gRT 
then ee 
P4 P4 Ts 
ρε Ps T4 
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TABLE I. ~ COMBUSTOR PERFORMANCE DATA FOR PROTOTYPE 


outlet total 
temperatura 
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J40-WE-8 TURBOJET ENGINE (COMPRESSOR 1, COMBUSTOR A) 
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TABLE I. - Continued. COMBUSTOR PERFORMANCE DATA POR 


Flight | Free-stream| Engine [Corrected jCompressor- 
pressure| mach static 


pressures 
p 


(s 


Combustor- i Combustor- Calculated 
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PROTOTYPE J40-WE-8 TURBOJET ENGINE (COMPRESSOR 1, COMBUSTOR A) 


Engine |Coumbustor |Ccmbustor |Ccmbustor |Combustion 


ee 
33 
ΝΑ m 


8 
8 
8 
8 
T 
8 
6.84 
8 
8 
6 
5 
8 


| 


8 


16,069 
10,225 
10,990 
10,950 
11,783 
12,823 
6,569 
4,462 
55,499 
55,130 
$5,720 
57,114 
40,589 
40, 700 


52,596 
54,282 
56,595 
58,527 
50,950 
28,251 
58,185 
28,580 
28,5735 
30,287 
31,901 
55,526 
28,732 
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PROTOTYPE J&40-WE-8 TURBOJET ENGINE (COMPRESSOR 1, COMBUSTOR A) 
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Figure 1 - Engine installation in altitude wind tumnel test section. 
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(b) Front view. 
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(a) Side view. 


Figure 2. - Engine combustor A. 


(ο) Rear view. 
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(a) Side view. 


(b) Front view. 


Figure 3. - Engine combustor B. 
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(a) Side view. 


(c) Rear view. 
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Figure 4. - Engine combustor C. 


(b) Front view. 
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Figure 5. - Combugtor-bagket configurations. All dinensions are in inghes. 
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Accumulated combustor-basket hole area, percent 


Combustor-basket outer wall 


Combustor-basket inner wall 


Combustor Total hole Inner wall Outer wall 
basket area area 
(sq in.) (percent) 


60: 


50 


pou ec. PE 


Figure 6. - Percentage of total open area of combustor baskets. 


ez 


Component Inlet-air duct Compressor Combustor Turbine 
Station 1 2 3 4 


Inlet-air duct 
Engine inlet 
Compressor inlet 
Compressor outlet 
Turbine inlet 
Turbine outlet. 
Exhaust-nozzle outlet 


*Sonie flow probes 


Figure 7. - Top view of turbojet-engine installation showing stations at which instrumentation was installed. 
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Five boundary-layer 
total-pressure tubes 


(a) Station 1, cowl inlet. Diameter, (b) Station 4, compressor outlet. Pas- 
54 inches; location, 6 inches down- L : 
stream of cowl-inlet flange. sage height, Er κ Location; 


5 inch downstream of trailing edge 
of fixed vanes. 


ο ‘Total pressure 
€ Static pressure 
x Thermocouple 


Radial 
traverse 


(c) Station 5, turbine inlet. Pas- (d) Station 6, turbine outlet. Pas- 
sage height, ez inches; location, sage height, 55 inches; location, 
15 inches upstream of leading 35 inches downstream of trailing 
edge of first stage turbine-nozzle edge of turbine rotor. 
diaphragm. 


Figure 8. - Location of instrumentation. Viewed looking downstream. 
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Com- N/-/6 P4 Ts , Ta r Total hole Inner- Outer- e 
bus- (rpm) (1b/eq" ft abs) (OF) (OF area wall wall Po 
tor (sq in.) area ares 
(percent) (percent) 
O A 7812 4187 1526 --- 796 . 46.5 55.5 
O B 7860 4.388 1254 --- ` “809 50.0 50.0 
A A 6646. 3323 ---- 800 is 46.5 53.5 ` 
B 6255 2995 ---- 555 é 50.0 50.0 
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Š (a) Combustor-inlet total- . (ο) Combustor-inlet total- sÀ 
ΤΙΝ pressure profile. Engine pressure profile. Engine er 
z: speed, 7260 rpm. speed, 6000 rpm. 


Average circumferential temperature 
Average over-all temperature 
percent 


80 . 
Passage height, percent 
(b) Combustor-outlet indicated (d) Turbine-outlet indicated 
temperature profile. Engine temperature profile. Engine 
speed, 7260 rpm. speed, 6000 rpm. 


Figure 9. - Effect of combustors on conmbustor-outiet indicated temperature profiles. 
Altitude, 30,000 feet; flight Mach number, 0.62; compressor, 1. 
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Com- N/-/6 PA Ts 4 Te , Total hole Inner- Outer- 
" bus- (rpm) (ib/sq ft abs) (55) (OF) area wall wall 
H tor (sq in.) area, area 
E " (percent) (percent) 
AE © C 7870 4341 1445 --- 877 46.5 55.5 
E O B 7964 4516 1420 --- 809 50.0 50.0 
EM Ó C 4685 1646 ---- 397 877 46.5 55.5 
pPI GC B 4765 1708 ---- 400 809 50.0 50.0 
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Ὁ (a) Combustor-inlet total- (ο) Combustor-inlet total- 
< pressure profile. Engine 


speed, 7260 rpm. 


Average circumferential temperature 
Average over-all temperature 
percent 
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(b) Combustor-outlet indicated 
temperature profile. Engine 
speed, 7260 rpm. 


(d) Turbine-outlet indicated 
temperature profile. Engine 
speed, 4556 rpm. 


Figure 10. - Effect of combustors on combustor-outlet indicated temperature pro- 


files. 


Altitude, 30,000 feet; flight Mach number, 0.62; compressor, 3. 
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Compres- N/./@ P4 Ts Te, 

or (rpm) (1b/sq ft abs) (Op) (Op) 
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(b) Combustor-outlet indicated (d) Turbine-outlet indicated 
temperature profile. Engine . temperature profile. Engine 
Speed, 7260 rpm. speed, 4356 rpm. 


Figure 11. - Effect of combustor inlet-air pressure profiles on combustor-outlet 
indicated temperature profiles. Altitude, $0,000 feet; flight Mach number, 0.62; 
combustor, C. 
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Combustor Total open 


Combustor total-pressure-loss coefficient, (P,-P.)/a, 


l.4 1.6 1.8 2.0 2.0 2.4 2.6 
Combustor total density ratio, p,/p 


(b) Effect of combustors with compressor Š. 


Figure 12. - Variation of combustor total-pressure-loss coefficient with density 
ratio for several combustors. Altitude, 30,000 feet; flight Mach number, 0.62. 
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Combustor total-pressure-loss coefficient 


4 
1.4 1.6 1.8 2.0 2.0 2.4 
Combustor total density ratio, P4/P5 
(c) Effect of inlet-air pressure profiles with combustor C. 


Figure 12. - Concluded. Variation of combustor total-pressure coefficient 
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Figure 15. - Varlation of combustion efficiency with combustion parameter for three combustors and three compressors. 
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Altitude, 


30,000 feet; flight Mach number, 0.62. 
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Combustion efficiency, Np 


(b) Effect of flight Mach number. Altitude, 35,000 feet; exhaust-nozzle area, 


554 square a E 
R riri 
s: ^U 


62 66 l ° 
Corrected engine speed, N/-/8, rpm 
(c) Effect of exhaust-nozzle area. Altitude, 55,000 feet; flight Mach number, 0.62. 


Figure l4. - Variation of combustion efficiency with corrected engine speed. Prototype J40-WE-8 
turbojet engine (compressor 1, combustor A). 
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MT Effect of altitude. Flight Mech number, 0.62; exhaust-nozzle 
area, 534 square inches. 
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(b) Effect of flight Mach number. Altitude, 35,000 feet; 
exhmusi-nozzle erea, 534 square inches. 


Combustor total-pressure-loss ratio, (P4-Ps)/P, 
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(c) Effect of exhaust-nozzle area. Altitude, 55,000 feet; flight Mach number, 0.62. 


Figure 15. - Combustor pressure-loss characteristics in terms of engine parameters. Prototype 
J40-WE-8 turbojet engine (compressor 1, combustor A). 
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(a) Prototype J40-WE-8 turbojet engine (compressor 1, oombustor A). 
Figure 17. - Variation of combustion efficianay with combustion pareneter. 
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Combustion parameter, P, 


(b) Compressor 2, combustor C. 
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Figure 18. - Varlation of combustion efficiency with fuel-air ratio for several values of combustion 


parameter. 


Compressors l and 2 with combustors A and B, respectively. 
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Combustion efficiency, Th 


Figure 


Combustor Type Type of fuel-injection 
system 


Can Vapor 

Duplex nozzle 
Annular Variable-area nozzle 
Annular Pixed-area nozzle 
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(a) Fuel-air ratio range, 0.007-0.009. 
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(b) Fuel-air ratio range, 0.011-0.015. 


| | btt |. 
Lor IL TILL LIT L 
xz Hop 


0 10 το | 80 10° 


Combustion parameter, "a -- η: 


(ο) Puel-air ratio range,:-0.015-0.017. 


19. - Variation of combustion efficiency with combustion parameter for several unrelated 
combustors. 
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